Trailing-edge notches, formed by shortened first secondaries, characterize the wings of most galliforms. I investigated the function of these notches with comparative measurements of notch size taken from extended-wing specimens and with experimental studies of model wings of four representative species. Pheasants, quail, and turkeys, all of which use flight to escape predators, have wide wings and deep notches. Grouse with dark flight muscles have long, narrow wings with small trailing-edge notches and typically fly relatively long distances from one foraging site to another. Grouse with light colored flight muscles have short, broad wings with large trailing-edge notches and mostly fly from ground to canopy or from branch to branch to reach their food. Model wings of two pairs of galliforms with different wing shapes were used in the experiments. White-tailed Ptarmigan (Lagopus leucurus) and Sage Grouse (Centrocercus urophasianus) have small notches, high aspect ratios, relatively heavy wing loadings, low maximum lift coefficients, and dark pectoral muscles. In contrast, Wild Turkey (Meleagris gallopavo) and California Quail (Callipepla californica) have deep notches, low aspect ratios, relatively light wing loadings, high lift coefficients, and light colored pectoral muscles. Experiments using model wings in a water flow tunnel show that the trailing-edge notch increases the maximum lift-to-drag ratio and stabilizes airflow around the wing, but reduces the maximum lift coefficient. Thus, the trailing-edge notch increases performance in vertical and slow flight but reduces efficiency in level flight. Such a function is consistent with the suite of differences these birds show in muscle color, wing shape, and predominant mode of flight. flight. Current Ornithology 5:1-66. SHEST.a, KOV.% G.S. 1971. Stroenie kryl'ev i mekhanika polyota ptits. "Nauka," Moscow. SHTEC;MAN, B.K. 1953. Osobennosti lyotnykh kachestv seroy i kamennoy kuropatok. Zoologicheski Zhurnal 37:677-683.
BIRD WINGS EXHIBIT morphological adaptations for different kinds of flight (Rayner 1988 , Norberg 1989 ). Regardless of the species, slots between the primaries increase the lift-to-drag ratio by increasing lift and reducing drag (especially induced drag) that results from deflection of an air stream around a tilted wing. Such conclusions about the functional significance of wing slots come primarily from the established correlation between deep slotting and slow, level flight that characterizes birds with wings that are broad at the tip. Wind-tunnel experiments support these conclusions (Vinogradov 1951; Hofton 1978; Tucker 1993 Tucker , 1994 .
Galliforms have deep slots between their primaries and a large alula, but they rarely have been used as subjects for aerodynamic studies (Shtegman 1953, Shestakova 1971). Furthermore, no study of the aerodynamics of galliforms has addressed the functional significance of the large notch on the trailing edge of the wing that is formed by a short first secondary. This feature is exhibited by all galliforms and is quite evident when the wing is fully extend-• E-mail: svd@u.washington.edu ed. However, only Shestakova (1971) has noted the existence of this notch in various galliforms and some gulls.
In this paper, ! present comparative data on the size of the trailing-edge notch for 31 species of galliforms. I also present results of experiments that show how this notch influences gliding performance in the wings of four species with different wing shapes.
MATERIALs AND METHODS
Measurements of wing length, wing breadth, and trailing-edge notch size were taken from 220 extended-wing specimens of 31 galliform species (Table 1) 
where WBs• is the distance between the leading edge of the wing and the tip of the first secondary, and WB is wing breadth measured from the leading edge of the wing to the tip of the fifth secondary. I chose the fifth secondary for these measurements because in some birds (e.g. turkeys) the wing notch is formed by several shortened secondary feathers. Wing length is the distance from the proximal end of the humerus to the tip of the longest primary, measured along a line parallel to the leading edge of the wing. Throughout this paper, means are reported + I SD.
Four species of galliforms were chosen for flightperformance experiments based on extremes of wing shape (see Fig. 1 ) and body size within the order: White-tailed Ptarmigan ([Lagopus leucurus]; Tetraoninae; subadult male specimen); Sage Grouse ([Centrocercus urophasianus]; Tetraoninae; adult male); Wild Turkey ([Meleagris gallopavo]; Meleagridinae; adult female); and California Quail ([Callipepla californica]; Odontophorinae; adult male). I refer to them as "model" species. Other species of galliforms provide more extreme examples of wing-shape variation, but my choices were limited by the availability of frozen specimens at the University of Washington Burke Museum for use in creating models of wings. I measured flight performance by steady-state (constant velocity) lift and drag characteristics of various wings. Active flight in these species may not be characterized by this particular dynamic condition, but any differences in the coefficients associated with wing lift and drag are presumed to apply to flapping, at least for fast forward flight. Lift (C•) and drag (Cd) coefficients are defined by the following relationships: C, = L/(0.5 p SU2), and (2) cd = D/(0.5 p STY2),
where L is the measured lift force, D is the measured drag force, • is the density of the fluid medium, S is the plainform area of the wing, and U is the fluid velocity relative to the wing. Lift and drag coefficients were measured for model wings. Models were cut from 0.2-mm thick brass foil and soldered to a metal rod 2.5 mm in diameter and about 130 mm long. All models had a width of 30 mm (length varied from 46 to 62 mm depending on species). Each model was slightly bent around the axis of the metal rod, and the space between the leading end of the model wing and the rod was filled with glue. The bending created camber in the models. The top of the curvature was 10 mm behind the leading edge of a model wing, and the height of the curvature, measured as the distance from a line connecting the leading and trailing edges of a model wing to the top of the curvature, was approximately 4 mm. The patterns used for preparing the models were images (reduced by photocopy) of freshly thawed wings that had been pinned in a fully extended position. Lift and drag coefficients are functions of the Reynolds number:
where U is defined as above, L is the length of the wing chord, and v is the kinematic viscosity of the fluid medium of the wing. Consequently, scale models were prepared so that in the testing apparatus (see below), each model had a Reynolds number relatively similar to that of real wings. Lift and drag forces were measured in a water flow five during the stable flow, and five after the flow was stopped. The mean of the 10 electric potential measurements (five measurements each before the flow was started and after it was stopped) was considered to be the "0 force" condition. This mean value was subtracted from the mean of the five measurements that were taken when flow was stable, and the difference between these two means was then convetted to a force. By measuring the "0 force" condition before and after measuring the lift and drag forces, errors in measurements were reduced. Measure-ments were first made on wing models without notches. Then, notches were cut in each model, and the measurement cycles were repeated. The area of each cut piece was calculated by weighing it (+ 0.001 mg) and using foil thickness and specific gravity of the metal. I used differences in pectoral muscle color as an index of differences in power output and resistance to fatigue among galliforms. White muscles have higher power output but are less resistant to fatigue. 
RESULTS

DIFFERENCES AMONG GALLIFORMS IN WING
GEOMETRY AND NOTCH SIZE
Wing narrowness (length-to-breadth ratio) and notch size vary widely among the 31 species studied (Table 1) . Ptarmigan and grouse (Tetraoninae) have narrower wings and smaller notches than other galliforms. The range of wing length-to-breadth ratios for grouse and ptarmigan is 1.88 to 2.35, compared with 1.47 to 1.91 in all other species except Common Quail (Coturnix coturnix), which is migratory and has long, narrow wings (length-to-breadth ratio of 2.25).
Notch size varies between 15.17% and 28.94% of wing breadth in the tetraoninae and between 24.98% and 47.34% in most other galliforms except three species: Small Buttonquail (Turnix sylvatica), Common Quail, and Himalayan Snowcock (Tetraogallus himalayensis; Table 1 The differences in wing shape and notch size between grouse and other galliforms could be related to differences in the frequency and duration of flights performed by the two groups. Flight is a critical element of foraging behavior in grouse and ptarmigan, especially in winter, when they feed on buds and foliage in trees. To reach these foods, forest grouse must make vertical flights to limbs and frequent short flights from limb to limb, and ptarmigan must fly from one foraging site to another. Other galliforms fly less often, using flight primarily to flee from predators.
MORPHOLOGICAL FLIGHT PARAMETF, RS OF THE
MODEL BIRDS
Several morphological measurements are useful in comparative analyses of flight performance in birds (Rayner 1988 , Norberg 1989 
where M is body mass in kg, g, is acceleration due to gravity (i.e. 9.81 m/s2), and S is the total wing area (the planar area of both wings and that part of body between the leading and trailing edges of the wings in m2). Wing loading determines important flight characteristics such as speed and maneuverability. Birds with heavy wing loading fly at high speed and have a large turning radius. Aspect ratio is defined as:
where b is wingspan (in m), and S is total wing area (in m2). Aspect ratio determines cost of transport, or the ratio of power to speed. Birds with a high aspect ratio use less energy per unit of distance flown (i.e. less power) to generate the same horizontal speed compared with birds with low aspect ratio (Raynet 1988). The White-tailed Ptarmigan has the highest aspect ratio of the four models and a fairly heavy wing loading ( Table 2 ). The aspect ratio for Sage Grouse is lower, but it still is much higher than that of the Wild Turkey and Common Quail. Wing loading of the Sage Grouse is exceptionally high, whereas the California Quail has the lightest wing loading. Wild Turkeys have somewhat greater wing loading than White-tailed Ptarmigan. However, when size is taken into account, wing loading changes proportionally to M ø':ø• in galliforms (J. M. V. Raynet pets. comm.). Thus, Wild Turkeys actually have much lower wing loading than expected by allometry ( Fig. 3) .
Another important morphological parameter that can be used for comparative study of closely related species is the color of the pectoral muscles. In 
The four model species form two pairs, each with different wing characteristics and pectoral muscle colors. White-tailed Ptarmigan and Sage
Grouse have high wing loading, high aspect ratio, and red pectoral muscles, which serve their long, straight flights at high speeds. In contrast, Wild Turkey and California Quail have low wing loading, low aspect ratio, and white pectoral muscles that are better suited for slower, more powerful and maneuverable flights. Their short, broad wings are better suited to frequent short (and vertical) flights because they generate more T^BLoe 3. Maximum lift coefficients of the model wings, maximum lift-to-drag ratios (L/D), angles of attack at which they occur, and increase in lift-to-drag ratios with wing notching. This suggests that such a structure is less important for galliform birds with relatively high aspect ratios and heavy wing loading. In contrast, the wing notch sizes of California Quail and Wild Turkeys are much larger. These comparisons suggest that birds with short, rounded wings should derive more benefit from the wing notch than do longer-winged species.
Max. lift coefficient
LIFT-TO-DRAG COEFFICIENT RATIOS IN WINGS
WITH AND WITHOUT NOTCHES
The trailing-edge notch increased the maximal lift-to-drag ratio in all the model wings (Fig. 4) . However, this increase was small in Sage Grouse, Wild Turkey, and California Quail but reasonably large in White-tailed Ptarmigan ( Table 3 ). The angle of attack of maximal liftto-drag ratio did not change in White-tailed Ptarmigan and Sage Grouse, but it increased in Wild Turkey and California Quail after notches were created experimentally.
All wing models also had smaller standard deviations of lift and drag coefficients after the trailing-edge notches were created (Fig. 4). I  tested for the effect of the notch, angle of attack, 
and species, and for the interaction of species and notch, on coefficients of variation (CV) of the lift and drag measurements (Table 4). Coefficients of variation for measurements of lift were significantly affected by only two factors:
(1) increasing the angle of attack from 0 ø to 25 ø progressively reduced the CV, and (2) notches reduced the CV by 53.4% regardless of species. Because the CV is a ratio of standard deviation to the mean, increasing the means will lower the CV if the SD does not change. Drag increases through the whole range of angles of attack, and lift increases through most of the range, and then levels off or slightly decreases. Also, the rate of change in lift and drag is not constant through the range of angles of attack (Fig. 1) . For example, a minor error in positioning the model wing for a small angle of attack (close to 0 ø) will have a large effect on lift measurements and a small effect on drag measurements. When the angle of attack is close to 25 ø , the opposite is true.
Coefficients of variation for measurements of
Despite other factors, wing notches significantly reduced the CV of lift and drag measurements. This suggests that wings with trailing-edge notches should be more stable in flight, and that their performance should be more predictable. Trailing-edge notches also reduced the maximum lift coefficients (Table 3 ). The maximum lift coefficients of models without notches were inversely related to the amount of their reduction (r = -0.84, n = 4, P = 0.16). This indicates that long wings that produce less lift (e.g. Sage Grouse and White-tailed Ptarmigan) lose proportionately more lift with the addition of a notch than do short, round, high-lift wings (e.g. turkey and quail). However, they also lose proportionately more drag, so the lift-to-drag ratio of long wings increases more than that of short wings. Therefore, trailing-edge notches make takeoff easier by improving the lift-todrag ratio, but they also increase the energetic cost of forward flight by decreasing lift, thus forcing birds to fly faster.
The angle of attack at maximum lift-to-drag ratio is probably stable regardless of the presence or absence of a notch in long-winged birds (Sage Grouse, White-tailed Ptarmigan), but it increases in short-winged birds (Wild Turkey, California Quail). The increase in angle of attack in birds with short, rounded wings should increase lift (at the expense of some increase in drag) and, thus, increase vertical acceleration during take off. Therefore, notches may help such birds to ascend faster.
DISCUSSION
My comparative data show that galliforms display a wide variety of trailing-edge notch sizes and wing shapes (Fig. 2) In the same region, the Hazel Grouse (Bonasa bonasia), which has white pectoral muscles, feeds in trees but in denser, more continuous forests (Andreev 1980; Drovetski 1992a Drovetski , 1992b . Unlike Willow Ptarmigan, Hazel Grouse forage mostly by perching on branches in the canopy, and extremely rarely by walking to branches that can be reached from the snow. Each bird spends 3 to 8 rain on one branch and then flies to an-other branch in the same tree, or to a neighboring tree in the same canopy. During one foraging bout a Hazel Grouse visits 6-12 branches. Flights within foraging bouts are short and slow, and a flock does not move more than 300 m during a single bout of foraging. Thus, the majority of the energy Hazel Grouse spend in foraging flights is invested in vertical movements and in the frequent takeoffs and landings required to move from branch to branch. Furthermore, Hazel Grouse land and feed on such small branches that they can not jump from them with their feet to aid in takeoff. This places even greater demands on their wings for acceleration. For these short bursts of flight, white muscle fibers; short, broad wings; and deep trailing-edge notches are the best compromise. I used model wings of two pairs of galliforms with different flight characteristics in my experiments. White-tailed Ptarmigan and Sage Grouse represent species with small notches (Fig. 2) . They have high aspect ratios, heavy wing loading for their size, low maximum lift coefficients, and dark pectoral muscles (Tables  1-3 ). These are all adaptations for relatively long, fast, straight and efficient flight (Rayner 1988 , Norberg 1989 . In contrast, the Wild Turkey and California Quail, which represent species with deep notches (Fig. 2) , have low aspect ratios, relatively light wing loading, high lift coefficients, and light pectoral muscles (Tables 1-3) . These features are adaptations to powerful short flights and maneuverability (Rayner 1988 , Norberg 1989 ). Short, wide wings can generate as much lift as long, narrow wings of the same area only by increasing the angle of attack (Vogel 1983). However, higher angles of attack generate increases in both profile and induced drag. My results show that the trailing-edge notches in galliform wings increase the maximum lift-todrag ratio by improving air flow around the wing. Notches had a similar effect on all four species, i.e. increasing the maximum lift-to-drag ratio and stabilizing air flow around the wing. However, the trailing-edge notch slightly reduced the maximum lift coefficient (Fig. 2) . This reduction in maximum lift is presumably more detrimental to species characterized by relatively long flights than to species that spend a high percentage of their flight time in landings and takeoffs, times when the angle of attack must be great. 
